Bovine tuberculosis (bTb) was diagnosed in 22 cattle herds in the northeast corner of Michigan's lower peninsula. Of these 22 herds, 494 animals in 7 herds were examined by gross necropsy, histopathologic exam, mycobacterial culture, and polymerase chain reaction (PCR) assay performed only on samples that were histologically compatible for bTb. Results of culture and PCR assay interpreted in parallel were used as the reference test for calculation of the sensitivity of 1) the caudal fold test (CFT), 2) the caudal fold and comparative cervical skin tests used in series (CFTCCT SER ), and 3) gross necropsy. Mycobacterium bovis was isolated from 43 animals. Using all 7 herds, the sensitivities of the CFT, the CFTCCT SER , and gross necropsy were 93.02%, 88.37%, and 86.05%, respectively. When the data were stratified by low-and moderate-prevalence herds, the sensitivities were 83.33%, 75.0%, and 83.33% in low-prevalence herds and 96.77%, 93.55%, and 87.10% in moderate-prevalence herds. The sensitivities of the 2 skin tests were slightly higher when 2 or more gross lesions were present, and the sensitivity of gross necropsy was significantly higher (P ϭ 0.049). The sensitivity of the CFT was found to be notably higher than most estimates in other studies; however, a direct comparison was not possible because the amount of purified protein derivative and the reference methods were different in this study compared with other published studies. Although the sensitivities are high, 2 of the 7 herds (29%) would have had 1 or more positive animals left in the herd if a test-and-removal program had been used. This suggests that when positive herds are identified, selective culling of skin test reactors is a less acceptable disease control strategy than is complete depopulation.
In 1979, Michigan was declared free of bovine tuberculosis (bTb) caused by Mycobacterium bovis. 3 In 1994, bTb was identified in a single white-tailed deer, 3, 22 and a bTb-positive bovine was identified in 1995. As of June 2002, bTb has been diagnosed in 22 cattle herds, primarily in the northeast corner of Michigan's lower peninsula. Bovine tuberculosis has furthermore been diagnosed in approximately 400 whitetailed deer, 2 elk, 1 domestic cat, 4 bobcats, 13 coyotes, 2 opossums, 2 raccoons, and 2 red foxes (C. S. Bruning-Fann, personal communication).
Until January 2002, 732,661 cattle in 13,689 herds have been tested with a serial skin testing protocol involving the caudal fold test (CFT) of all cattle and retesting of suspects with the comparative cervical test (CCT). Tuberculin tests have been used successfully in the United States since the bTb control program was introduced in 1917. 3 In the United States, ''The caudal fold test is the official tuberculin test for routine use in individual cattle, bison or goats and herds of such animals where the tuberculosis status of the animals is unknown.'' 2 In Michigan, the CFT was used as the screening test, and a program was undertaken in [1998] [1999] [2000] [2001] [2002] to test all cattle in the state that were older than 12 months. In herds that had 1 or more CCT reactor(s) after the initial herd test, the CCT reactor(s) was removed and the remaining herd retested with the CFT. In herds that had any epidemiologic association with cattle from bTb-positive herds, all cattle present in the bTb-exposed herd were tested with the CFT, after removal of the bTb-exposed cattle. Cattle that responded to the CFT and were from herds of unknown bTb status were retested with the CCT. Cattle that responded to the CFT and were from herds of positive bTb status were classified as reactors and removed from the herd. Several authors have reported estimates of sensitivity or specificity (or both) for the CFT (Roswurm, JD, and Konyha LD: 1973, The comparative cervical tuberculin test as an aid to diagnosis of bovine tuberculosis. Proc. Annu. Meet. U.S. Anim. Health Assoc. 77(1):368-389). 8, 11, 13, 14, 19, [23] [24] [25] These estimates range from 41.7% to 94.9%. However, it was not possible to use these reports from the literature to estimate how the CFT would perform in Michigan because of the wide variation in: 1) background mycobacterial fauna present in various geographic locations, 2) bTb prevalence, and 3) the amount of purified protein derivative (PPD) used for the skin testing in different studies. It, therefore, has been recommended that the accuracy of tuberculin tests should be evaluated in the geographic area intended for its use and that the sensitivity and specificity should be evaluated in populations naturally infected with bTb and in similar populations free from the disease, respectively. 18 The objectives of this study were to estimate the sensitivities of the CFT, the CFT and the CCT used in series (CFTCCT SER ), and gross necropsy (necropsy), as used under Michigan conditions. The apparent individual animal prevalence (AP) using CFT, CFTCCT SER , and gross necropsy in affected herds were also compared. Results from this study will hopefully aid United States Department of Agriculture (USDA), foreign countries, and the state departments of agriculture in evaluating the risk of bTb infection in exported Michigan cattle as well as the effectiveness of the current bTb eradication effort in Michigan.
Materials and methods
Summary of state-wide testing procedure. A plan was implemented for testing all domestic cattle herds in Michigan with the CFT (October 31, 2000, Amendment to the Animal Industry Act 466, State of Michigan). Cattle with ''suspect'' responses on the CFT, as described below, were retested with the CCT. Animals classified as ''reactors'' on 1 CCT (or as suspects on 2 successive CCT) were submitted to the Diagnostic Center for Population and Animal Health (DCPAH), Michigan State University, for euthanasia and necropsy. Diagnosis of bTb-infected animals was based on mycobacterial isolation or identification by polymerase chain reaction (PCR) (or both).
Caudal fold test. Public or private practicing veterinarians performed the CFT by intradermal injection of 0.1 ml of USDA bovine PPD (1 mg/ml PPD) 1,2 in the caudal fold on either side of the base of the tail. Approximately 72 hr after initial injection, the injection site was palpated and examined visually by the same veterinarian who gave the injection 72 hr previously. The test was considered positive (suspect) if any sign of inflammation was detected (C. Bruning-Fann, personal communication).
Comparative cervical test. Within seven days of the reading of a suspect CFT result, a USDA or state veterinarian administered the CCT. The skin thicknesses of the areas for injection of bovine and avian PPD were measured to the nearest 0.5 mm before the injection and again approximately 72 hr later. The CCT used cervical intradermal injections of 0.1 ml of USDA bovine PPD and 0.1 ml of USDA avian PPD (biologically balanced, 1 mg/ml PPD), approximately 12.5 cm apart. 2 The difference (''after'' minus ''before'') in skin thickness was plotted on a scattergram used to interpret the CCT results as ''negative,'' suspect, or reactor (USDA, VS Form 6-22D). The underlying principle of test interpretation is that bTb-infected cattle show a greater response to bovine PPD in comparison with their response to avian PPD. For the analyses in this study, both CCT suspects and reactors were considered as having a positive CCT result. Individual animals positive on both CFT and CCT were euthanized and necropsied for further testing as described below.
Data selection. As of December 31, 2001, 732,661 cattle in 13,689 herds in Michigan had been tested with the CFT and CCT. On this basis, 22 herds (2 dairy and 20 beef) were identified as having at least 1 animal positive by bacterial isolation or PCR. Of these 22 herds, this study was limited to the 7 herds for which cattle were individually evaluated by each of the 4 diagnostic tests: necropsy, histopathologic exam, PCR, and bacteriologic culture. In the remaining 15 herds, only cattle that were suspects or reactors on the CCT were submitted to a full necropsy, histopathologic exam, PCR, or culture, and hence, they could not be used in this study. Of 22 herds, 20 were depopulated, and 2 herds were elected for a quarantine and testing program.
Gross necropsy. For animals in the 7 herds with complete data, a pathologist performed necropsy and histological examination on all cattle submitted to the DCPAH, Michigan State University. Animals were euthanized, and all organs including medial retropharyngeal, submandibular, tracheobronchial, mediastinal, mesentary, iliocolic, and hepatic lymph nodes were examined for gross lesions consistent with bTb. In this study, an animal was considered positive on necropsy if 1 or more lymph nodes or other tissues contained focal or multifocal abscesses or granulomas.
Histopathology. Lymph nodes were separated into 3 groups; head, chest, and abdomen. Samples for histopathologic exam were examined by DCPAH and by the National Veterinary Services Laboratories (NVSL), Ames, Iowa. Formalin-fixed tissues were embedded in paraffin and cut into 6-m sections. Histopatologic slides were prepared using standard Hematoxylin-eosin (HE) staining methods. 20 Ziehl-Neelson staining for the detection of acid-fast bacteria was performed on tissue that was suspect for bTb on regular HEstained samples. A sample was considered positive for bTb if there was evidence of granulomatous inflammation associated with focal necrosis or mineralization or if there was identification of acid-fast bacteria on the Ziehl-Neelson stain.
Mycobacterial culture and identification. Fresh samples were collected from all animals and cultured at NVSL. For 6 animals, tissues were also cultured at the Michigan Department of Community Health. The culture procedures used at both laboratories have been described previously. 22 After a series of biochemical tests used for the identification of mycobacterial isolates, a genetic probe a was applied to cultures of Mycobacterium spp. as soon as growth was evident on weekly examinations. 7 The genetic probe is specific to the M. tuberculosis complex in that it will react to M. tuberculosis, M. africanum, M. microti, and M. bovis but will not react to M. avium spp. or environmental mycobacterial species. 21 Polymerase chain reaction assay. Samples that were suspect of bTb on histological examinations were submitted for PCR testing, as described previously. 16 In summary, formalin-fixed, paraffin-embedded tissue was used for DNA extraction. To identify M. tuberculosis complex mycobacteria, the primers amplified a 123-bp fragment of insertion sequence IS6110. 6 Positive samples had a band of the expected size as compared with control DNA.
Statistical analysis. Mycobacterial isolation and PCR (Isol-PCR) were used in parallel as the reference or definitive test for bTb. As such, cattle were designated as being truly infected with bTb if they were found positive by culture, PCR examination, or both. The individual animal AP, P(Tϩ), was calculated as the proportion of tested animals that were test positive (Tϩ). The AP for all 7 herds was estimated for CFT, CFTCCT SER , necropsy, and Isol-PCR (reference). The sensitivity was calculated as the conditional probability of a test-positive result, given that the animal was truly bTb infected (P(Tϩ1Dϩ)). Apparent prevalence and sensitivity were reported as point estimates with exact 95% confidence interval for binomial proportions. The chi-square test or Fisher exact test was used to compare apparent prevalence among tests and prevalence and sensitivity between high-and low-prevalence herds. The Fisher exact test was used if an observed cell value was lower than 5. The McNemar test was used to compare sensitivity between tests within strata (all, moderate-, and low-prevalence herds). Results are shown in aggregate and stratified by factors such as moderate-or low-prevalence and number of gross lesions. Commercial software b was used for data analyses.
Results
Of 516 cattle from the 7 herds, 22 cattle had missing or erroneous laboratory records; therefore, they were excluded and 494 cattle were included in this study. Forty-three animals were infected according to the reference test (Isol-PCR), which was used as the definitive test in the calculation of sensitivity. Of the 43 infected animals, 7 were positive by culture only, 5 by PCR only, and 31 by both culture and PCR. Table 1 shows the relationship between test results on the CFT, CFTCCT SER , necropsy and the isolation of different mycobacterial species. Mycobacterium spp. were isolated from 47 of 494 animals included in the study. Mycobacterium bovis was isolated from 38 animals of which 2 animals also had Runyon Group IV mycobacterium isolated (Table 1 ). In addition, M. fortuitum, M. smegmatis, and mycobacteria from the M. avium and M. terrae complexes were isolated (Table 1).
The apparent prevalence on the basis of the CFT, CFTCCT SER , and necropsy is shown in Table 2 . The overall apparent prevalence on the basis of the reference test, CFT, CFTCCT SER , and necropsy was 8.70%, 15.8%, 9.11%, and 8.70%, respectively. Overall, for all 7 herds, the prevalence by CFT was significantly higher (P Ͻ 0.005) than by the other 3 tests. Herds 2 and 7 had significantly higher bTb prevalence than did the other 5 herds, as measured by all 3 tests (P Ͻ 0.001) ( Table 2 ).
The CFT had the highest sensitivity (93.02%) of the 3 tests (Table 3) . When stratified by low-and moderate-prevalence herds, the sensitivity of the CFT and gross necropsy were lower for the low-prevalence herds than for the high-prevalence herds, although this difference was not statistically significant. Likewise, the sensitivity of CFTCCT SER was lower (75.0%) in low-prevalence herds than in high-prevalence herds (93.55%). When the sensitivities of the 3 tests were stratified by the number of affected lymph nodes in the animal, the sensitivity of the CFT and CFTCCT SER were slightly higher when 2 or more affected lymph nodes were detected, and the sensitivity of gross necropsy was significantly higher (P ϭ 0.049) when 2 or more lesions were present (Table 4 ).
Herds 4, 6, and 7 each had 1 animal with an apparent false-negative test result on the CFT, and herds 4 and 7 each had 1 animal with an apparent falsenegative test result on the CFTCCT SER . † None of the sensitivity estimates within any of the 3 strata (all herds, low-and moderate-prevalence) were significantly different. The estimates of sensitivity for CFT, CFTCCT SER , and necropsy were not significantly different between the low-and high-prevalence herds.
Discussion
In this study, bacteriologic culture or PCR (or both) was used as the reference test (i.e., definitive test) to detect animals truly infected with bTb. Both these tests ultimately use a genetic probe that is specific to the M. tuberculosis complex, 6,21 which includes M. tuberculosis, M. africanum, M. microti, and M. bovis. Barring laboratory error, mycobacterial isolation and PCR are widely accepted as 100% specific tests. 6, 21 It, therefore, was assumed that all animals positive on the reference test (Isol-PCR) were truly bTb-infected animals; i.e., the specificity of Isol-PCR was assumed to be 100%. This assumption allowed the calculation of unbiased estimates of sensitivity for the 3 screening tests: necropsy, CFT, and CFTCCT SER . 9,10 Furthermore, it was assumed that the proportion of false-negative animals on the screening test(s) was the same for truly infected animals that were positive or negative on the reference test. This assumption was necessary to presume that sensitivity estimates were unbiased. Both mycobacterial isolation and PCR examination may expectedly fail to detect infected animals if lesions were not present (early infection) or if lesions were present in tissues that were not collected. 16, 18 Likewise, this may explain why some animals were positive on culture and negative on PCR and vice versa. Even though the reference test is assumed to have perfect specificity, the sensitivity of Isol-PCR was probably less than perfect and false-negative results were likely to have occurred. Therefore, specificity and predictive values were not calculated for the screening tests being evaluated in this study.
The bTb-infected herds were stratified into moderate-prevalence herds (Ն35%; herds 2 and 7) and lowprevalence herds (Ͻ35%; herds 1, 3, 4, 5, and 6), and these 2 strata presented 2 distinct epidemiologic patterns. Herds with bTb low prevalence had few lesions per infected animal. This may indicate recent transmission of the disease to a small number of cattle, most likely from the wild deer reservoir. Herds with moderate bTb prevalence suggest that some cattle had been infected for a long period of time thereby allowing time and opportunity for cow-to-cow transmission to occur.
The sensitivity [P(Tϩ1Dϩ)] of a diagnostic test is defined as the conditional probability that a test-positive animal (Tϩ) is in fact truly infected (Dϩ), i.e., the proportion of Tϩ animals that are truly infected. It is commonly assumed that sensitivity and specificity of diagnostic tests are unchanging properties of the diagnostic test itself and thus are independent of the circumstances of its application (i.e., the sensitivity or specificity [or both] do not change among different groups of animals). This may not always hold because animals in different stages of a disease or under different circumstances may yield different test results. 4, 5 This may explain what was observed in comparing the test sensitivities in the low-prevalence herds with the moderate-prevalence herds. Also, the prevalence of cross-reacting organisms may vary greatly across different ecological environments. For these reasons, it is important that the performance of the various diagnostic tests for bTb be evaluated under the conditions in which the tests will be used. 18 Although not statistically significant, this study suggests that the sensitivity of the CFT might be higher than that of the CFTCCT SER and gross necropsy ( Table  3 ). Because the same amount of bovine PPD was used for both the CFT and CFTCCT SER , it would be expected that the sensitivity would be almost the same for the 2 test scenarios. This trend of higher sensitivity for the CFT may be a function of the location on the body on which the test is performed but more likely is attributed to the CCT being a function of the difference in reaction between the bovine and avian antigens, rather than just a function of the bovine antigen alone. Also, the CCT performed by federal and state veterinarians may be read much more carefully and quantitatively than is the CFT applied by private practitioners screening large numbers of cattle. However, further studies would be needed to investigate this phenomenon.
The sensitivity of the CFT in this study is notably higher than most estimates in other studies. 8, 11, 19, [23] [24] [25] However, a direct comparison among studies reported in the literature is not possible because different reference tests and preparations and concentrations of PPD were used. A study of the CCT (used in series after the CFT) (Roswurm JD, Konyha LD: 1973, The comparative cervical tuberculin test as an aid to diagnosis of bovine tuberculosis. Proc Annu Meet US Anim Health Assoc 77:368-389) estimated the sensitivity of the CCT to be 74.36% and 88.46% when using reactor and reactors and suspects as test positives, respectively. Their protocol was similar to the protocol used in this study, as was their estimate of CFTCCT SER sensitivity.
The sensitivity of gross necropsy is often used (together with other tests) as part of a reference test. 11, 19 In this study, the reference test was assessed independently from gross necropsy findings, which allowed the estimation of the sensitivity of gross necropsy as a diagnostic assay. The sensitivity of necropsy (86.05%) was almost as high as that of CFTCCT SER (88.37%). Furthermore, the sensitivity of gross necropsy increased to 100% when 2 or more lesions were present. Such animals with multiple lesion sites would expectedly shed greater numbers of infective M. bovis and thus would be a more important source of disease transmission. The gross postmortem necropsy exam can perhaps be viewed as the ''upper detection limit'' of any practical slaughter-based system for bTb.
False-negative results were most infrequently found with the CFT, followed by the CFTCCT SER , and then by gross necropsy. Several explanations have been suggested for this inability of the skin tests to detect infected animals, including anergic cattle, poorly in-jected PPD, variance in potency of PPD, loss of potency of PPD with time, mistaken animal identification, and operator error. 11, 16 The focus of this study was not to investigate the specificity (or proportion of false-positive results) of the screening tests; however, it is worth noting that only 1 animal out of 11 animals infected with atypical mycobacteria reacted to the CFT (Table 1, column 3) . This animal was infected with M. fortuitum. No falsepositive results were observed on the CFTCCT SER . Possible explanations for why the CFT was positive and the CFTCCT SER was negative on an animal infected with M. fortuitum might relate to a higher specificity of the CFTCCT SER or the animal being coinfected with M. bovis. Also, a greater reaction on the avian component of the CCT (including cross-reactions) tends to make the CCT yield negative results. Six bTb-infected animals had no detectable lesions on necropsy. This may be due to early infection (insufficient time for lesion development) or inhibition of lesion growth by the hosts' immune system.
It is well accepted that the CFT and CFTCCT SER are more suited to the detection of infected herds rather than the detection of infected cattle, i.e., some bTbinfected animals will escape detection when the skin tests are used to assess the infection status of individual animals. In this study, a bTb-positive animal would have been undetected in 2 of the 7 infected herds (29%) if only the CFTCCT SER reactor animals were culled rather than depopulating the entire herd. This finding supports a disease control policy of total herd depopulation over a test and slaughter approach because findings in this study suggest that the test and slaughter approach would fail to detect all infected animals in approximately 29% of the herds.
